4
AD-A

mmmmmmmmm

TATION PAGE

Form Approved
OMB No. 0704-0188

Maintanng the gala neeoeg and complrung ang g the

-

22202-4302 and 10 1he Otice of Management and Budget, Paperwork Reduction Proect (0704 0188}, Wastunglon DC 2050)

Publiic reporing buraen tor this coliection of sntormation is osl-malod 1] m'aoe 1 hout per response. INCIUOING INE 1HNE (07 FaVIOWING INSITLCTIONS SEATCIING ExiiNG TMB SOUICES Gahenny ane
Sona comments regarcng s Durden estmale o any other 3SPECt Of s CORECLON Of MTOHNBLON NCILONQ
suggestons tor requoing ihis hurgen to Washingion Headquariers Services, Directorate 107 information Operations ana Repons, 1215 Jeterson Dawvis Highway Sute 1204 Asingion VA

1 AGENCY USE ONLY {Laave biank) 2. REPORT DATE
November 1993

3 REPORT TYPE AND DATES COVERED
Professional Paper

4 TITLE AND SUBTITLE
FEATURES OF DOLPHIN SKIN WITH POTENTIAL HYDRODYNAMIC
IMPORTANCE

€ AUTHOR(S)

S. Ridgway, D. Carder

$ FUNDING NUMBERS

In-House Funding

7 PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

8 PERFORMING ORGANIZATION

Approved for public release; distribution is unlimited.

REPORT NUMBER
Naval Command, Control and Ocean Surveillance Center (NCCOSC) Accesion For
RDT&E Division
San Diego, CA 92152~5001 NTls CRA&I %
9 SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10 SRO!
o .anr%qm"(":‘e 0
Naval Sea Systems Command Justifieation
Washington, DC 20362 e
Ry
11 SUPPLEMENTARY NOTES : Di-t ‘bt.on l'
4 &-,'L , m—— - - —a s e
Availability Codles
128 DISTRIBUTION/AVAILABILITY STATEMENT 120, D'S“'BU“O" Cmé"d;'d for
Spuecial

13 ABSTRACT {Maumum 200 words)

skin.

93 12 22 063

ﬁ’/

This paper describes the methods and discusses results of studies on the potential hydrodynamic importance of dolphin

BEST
AVAILABLE COPY

93-3
1mmwumnummmmummum

Bp(

| Published in IEEE Engineering in Medicine and Biology, September 1993, pp. 83-88.

14, SUBJECT TERMS

continuing activity (CA)
microvibrations
somatosensory evoked potential (SEP)

15. NUMBER OF PAGES

16. PRICE CODE

17. SECUﬂﬁYCLASSIFICATlON
OF REPORT

UNCLASSIFIED

18. SECURITY CLASSIFICATION
OF THIS PAGE

UNCLASSIFIED

19. SECURITY CLASSIFICATION
OF ABSTRACT

UNCLASSIFIED

20. LIMITATION OF ABSTRACY

SAME AS REPORT

NSN 7540-01.280-8500




UNCLASSIFIED

2t a NAME OF RESPONSIBLE INDIVIDUAL 2°0 TELEPHOANEL -« nCuce Ared {oae- 21¢ OFFICE SYMBOL
S Riudgway 16191 553-1374 Code 5107
NSN 7540 01 200-5500 Standard form 298 (BACK)

I1INCLASSIFIED




Sam H. Ridgway
Donald A. Carder
Navol Command, Control ond
Ocean Surveillonce Center
Biosciences Division

September

Features of Dolphin Skin
With Potential Hydrodynamic

Importance

he widespread behief that dolphins are

capable of extraordinary swimming speed
was noted 2.500 years ago by Anistotle, who
wrote. It [the dolphin] appears 10 be the
fleetest of all anmals. manne and terrestrial
L distoria Anomaliemy. Inothe first of
more recent considerantons of dolphin hy-
drodynamic ethiciency. Sir John Gray in
1936 cited observanons of a fellow scientist
who clocked a dolphin passing from stermn o
bow of a ship making 8 5 knots. from which
he caleulated a swimming speed of 20 knots
[1]. Grax. assunung that the dolphin could
have mamtained this speed for a consider-
ably longer ttime. concluded that. with wrbu-
lent flow . the amimal would have 10 have
muscles seven times stronger than those of
other mammals. More inchned to beheve
that dolphins have a means of achieving
laminar ow . he expenmented with rubber
maodels i an attempt o deternune whether
flextons of the body could prevent turbu-
lence: his results were inconclusive | 1.2]
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Kramer suggested that dolphins hanve o
comphiant skin that enhances their hydrody -
namic performance by damping incipient
turbulence [3.4]. Kramer also was the st to
develop a synthetic vessel coating based
upon dolphin skin. However, his coating
contained no mechanism for active vibraton
or for other adjustments to changing bound
ary layer condinions. Lang, i addition to his
own studies of dolphin hydrodynanucs, re-
viewed the earlier work and evaluated the
various theones [S]. Concerning the idea
that dolphins might actively change their
skin surface 10 reduce hydrodynamic drag.
he stated. *An alternate explanation for low
drag with regard to cetaceans v that they
actively adjust the flexibility and mosvement
of their skin to damp out the microscopic
disturbances in the laminar boundary laver.
Betchov showed that the laminar flow might
be extended indefinitely by this means

Several other authors have suggested that
the skin of hving dolphins makes adjust-
ments that improve boundary laver condi-
tions to reduce drag during underwater
swimming (6. 7, 8. 9. 10]. Their evidence
was based on shin anatomy . nerve structures
in the skin, electrical potentiais from the
skin, or trom mucrovibrations These deas
can best be summanzed by a quotatton trom
Khomenko and Khadzhinshiy [9]. One of
the reasons that dolphins are <o hvdrods
namically perfect i that they activeh con-
trol (by reflexes) their shin, which contains
specific receptors connected o the central
nervous system

Innervation of dolphin skin has been de
scribed by Palmer and Weddell [7] and by
Harrison and Thurley [11.12] The tirg
authors were especially impressed. saying

“The presence of longiudinally disposed
dermal ndges. the pattemed arrangement of
the collagen and elfasne tibers related 1o
them, together with the passage of pretermi
nal nerves through tunnels i the hase ot the
epidermal ndges o serve large complen ter
munals attached 1o papittary walls, all sup-
gest that the shin s a specrahized
pressure-transducing mechanism The num:
ber and complex arrangement of other nerve
terminals in the skin further suggest that the

07395175,93/53 0061993 8




shin ssanstrumental i enabling the dolphin
to become aware of is bady image in rela-
ton o the water around it in other words,
that the shin has both tacule and proprniocep
tve functions g good case can be made out
tor regarding the speciahized innervanion of
the skinin Tursiops truncatus as part of a
complicated sensory-motor mechamsm
which permits the maintenance of laminar
flow . " [7]

Lende and Welker first studied dolphin
skin sensitvity 1n 1972 | 13]. They recorded
electnical potentials from an area of the con-
tralateral cerebral cortex to study the repre-
sentation of this area of somatosensory
cortex on the skin surface. Using stimuh
such as tapping, or lightly touching or strok-
ing the skin, or by allowing water droplets to
fall on the sktn, the invesugators produced a
map of skin sensitivity based upon record-
ings from this area of cortex. The greatest
sensitivity was found in “a broad zone ex-
tending below both eyes and ventrally
around the neck ...”

Kolchin and Bel'kovich [14] used the
galvanic skin response (GSR) produced by
a 0.3 mm weighted wire to make a partial
map of body skin sensitivity in the common
dolphin, Delphinus delphis. Of the body
portions studied, they found l!’lc dolphin to
be most sensttive (10 mg/mm~) in separate
circular areas of about five cm diameter
around the blowhole and eyes. The snowt,
lower jaw, and melon were found to be
somewhat less sensitive (10 to 20 mg/mm°®),
while still less sensitivity (20 to 40 mg/mm®)
was observed along the back in broad areas
both anterior and posterior to the dorsal fin.
The authors state that, “from an ecological
point of view the results we obtained are not
unusual. The values for the threshold of sen-
siivity to touch in dolphins are 10 1o 40
mg/mm~; this 1s close to the values for a
human being in the most sensitive skin areas.
the tactile surfaces of the fingers, the skin of
the eyehds, and the lips™ [14]

Microvibrations, minute tremor-like vi-
brations that occur in warm-blooded animals
at all umes over the entire body. have an
amplitude of about one to five um at fre-
quencies of seven to 13 Hz in relaxed hu-
mans This “munor tremor™ 1s thought to be
important 1n maintaining body temperature
{15]. Shivenng 1s believed to be a natural
amplification of this continuously present
tremor. Microvibrations 1n dolphin skin
were studied by Haider and Lindsley. who
observed that the dolphin skin exhibited mi-
crovibrations three or four tmes the amph-
tude found in human skin (6]

Gross movements of the body surface
can be produced by contraction of subcuta-
neous muscle. The musculus cutaneous
(formerly known as panniculus carnosus)

Dolphin somatosensory evoked potentials compared 10 human
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1. Somatosensory evoked potentials from a dolphin compared to those from a hu-
man evoked by a stimulus to the wrist. Human evoked potentials redrawn from Al-
lison [25]. Numbers indicate areas where stimuli were delivered to evoke the
responses shown. Recording leads were on the dolphin’s right side and stimulus sites
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2. VMa‘p of dolphin skin semiﬁvily bM oh somalosensoryevoke; potentials. The
belly and genital area were not tested. I, most sensitive, followed by 2, 3 and 4 in
descending order.
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3. Frequency analysis of microvibrations from the dolphin’s skin. A 60-s epoch of
signal from a biomorph, positioned as shown in the drawing, was averaged on the
SD-350 spectrum analyzer to produce this plot. Major peaks in this period were at
S, 16, and 33 Hz. Significant peaks above 40 Hz were very rarely observed.

Microwibration response to vibratory shimulation of dolphin skin
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4. Response of dolphin skin as recorded from an accelerometer and a biomorph af-
fixed to the skin on the side near the dorsal fin. Activity from both of these sensors
continues after the stimulus. Arrows indicate activity before the following stimulus

in the series.
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S. Response to vibratory srtimulntiro;lﬁal 30 Hz; Airrow shows nctivitf ﬁrio; lb ll:e“
stimulus—just one of a series. Activity recorded by the biomorph continues for
more than one s after the stimulus is terminated.
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v sheet of musade that ies beneath the skin
i many mamnals and s capable of moving
the shin cln horses, o magor companent ol
the musale s called “flsshaker [16]) The
muscidies cutaneous s especally well de
veloped n dolphins and other smalt whales
PE70 481 This dan sheet of musde convers
maost ot the dolphin’s body except for the
tardstock, appendages. saout, melon. and
mid-back 1t hies between the vuter blubber
layer thypodermis) and inner blubber Layer
of subcutancous fat. and i the bottlenose
dolphin, Tursiops truncatus, s two to four
cm below the skin surface

We replicated the expennments ot Haider
and Lindsley [6] and extended the investiga-
tions begun by Lende and Welker [13] to
find out more about the sensiivity and re-
sponsiveness of the dolphin skin. We sought
answers to the following questions |s the
dolphin epidermus sensitive to small vibra-
tons? Does the skin respond to low-amph-
tude vibratory stimulatton? Does the dolphin
musculus cutaneous muscle that underhies
much of the skin make rapid contractions n
response to stmulation analogous to the
rapid “flyshaker” movements of similar
muscles in the horse?

Although the intracutaneous structure of
dolphin skin has received considerable at-
tention [7. 12, 19. 20. 21]. the cutaneous
surface has not been studied in nearly as
much detail. Geraci, et al. [20] menton the
existence of the ndges, but other wnters
generally refer to the skin of dolphins and
other small whales as “smooth.” The appear-
ance and onentation of cutancous ndges
have been documented by Ridgway and
Carder [22]. and by Shoemaker and Ridg-
way [23]. who suggest that cutaneous ridges
may be an important functional feature of the
skin

Materials and Methods

Physiological Studies

For each test, the dolphin subject (wo
adult females and one adult male bottlenose)
was placed in a padded tank 1n a relausely
fixed position with its dorsal surtace and
blowhole above water Exposed ~kin sur
faces were kept wet throughout the test pe
riod by sponging or nusting with water

The two types of mechanical stimulation
used were a moving col shaker and 4 piezo
ceranuic bimorph [24] The former presented
stimult with & great vanety of frequencies
and amplitudes, the later was used to present
low-amphtude tacnle stimutation Both
types have been emploved in human vibro
tactile studies A function generator control
led simulus rate and tnggered the wgnal
averaging computer. stimulus rates and in
tervals were vaned Finger-tap and water

L}




t A -

D O
.. ﬂ)."‘.’.‘

:
4
i

R X I

6. .0 Sheteh showing orientation of cutaneous ridges on a bottlenose dolphin. b) 2%
photograph of the shin about 23 e posterior to the blowhole and about 10 cm lat-
cral to the dorsal midline where ridges run perpendicular to long axis of body. ¢) A
low -power photomicrograph ol a section of skin taken parallel to the long axis.
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Documentation of
Skin Surface Ridges

We observed the size and onentation of
the cutancous ndges of the dolphin shin W
photographed the ndges. noted their onea
tation, and made histological sections Pha
tographs were made with g special v
close-up lens. Rough drawings were made
of the onientation of the cutancous ndges
Histological sections oniented with the tony
axis of the bady were made for shan sections
taken from one dolphin The sections wete
taken 25 ¢m postenior to the blowhale and
10 ¢m 10 the left of the dorsal nudline Dur
ing processing for histology (mounting in
paraffin, sectioning on a mucrotome. and
mounting on microscope stidest. we took
care that the sections were registered o that
shrinkage or stretching could not distort the
ridges which were visibhle readily when seen
from the surface or from the lateral margins
of the skin section (see also |22, 23]

Results

Dolphin Skin Sensitivity

We used the somatosensory evohed po
tential (SEP) to obtain a gross map ot dol-
phin skin sensitivity. Figure | shows
averaged potentials evoked by vibratng the
dolphin skin compared to evoked polentials
from the human wnist [25]. Figure 2 shows
a rough map of dolptun skin seasitivity
based on the SEP.

Microvibrations in
Absence of Stimulation

In our dolphin subjects, mucrovibration
amplitude peaks usually were evadent inone
or more frequency bands of tour to mne Hy.
31020 H2. 2710 39 Hz. 45 10 64 H/. and
7510 85 Hz. The highest amphitude peak was
never above the 45 to 64 Hz range Micron
brations in the 75-85 Hr range were always
less than one or more other peaks and absent
when peak activity was an the 27 39 Hy
range.

I we aceept the reasonable conclusion
that activity peaks recorded in the tour 1o
eight Hz range were mainty due to breaths
(blows), body movements, and large skeletal
muscle contractions, then the major microsy
bration activity 1n our experniments was i the

September 1993
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7. Drawing of a dolphin swimming through Pacific Ocean waters containing biolumi-
nescent organisms. Turbulence excites the organisms causing them to luminesce.

The trunk between the eve and dorsal fin, where the cutaneous ridges run circumfer-
entially, forming lines perpendicular to the direction of water flow. is free of turbu-
lence. Drawn by L.E. McKinley from an underwater bubble on the R/V See Sea off
Southern California in the 1960s. (See also Ref. [2].)

13 10 20 Hz range (Fig. 3). Haider and Lind-
sley mentioned peak activity of 13 Hz in
their dolphin subject [6].

Microvibrations during
Vibratory Stimulation of the Skin

Figure 4 shows the results of vibrating
the dolphin’s right side near the dorsal fin.
The accelerometer was located on the skin
about 10 cm posterior to the vibrating stimu-
Jus, and the bimorph 10 ¢m farther on. The
stimuli were presented in a series about 10 s
apant. In this instance. activity from both
sensors continued (CA) after the stimulus
was terminated. Low-level activity also was
registered (arrows) just before the succeed-
ing stimulus.

Occasionally. conunuing activity (CA)
was more pronounced. lasting over one s
after a 30 Hez stimulus (Fig. ). Low-level
activity (arrow) 1s evident just before the
stumulus as 1f the anmmal anucipated the vi-
bration. This is quite possible since the sum-
uli were given in regular intervals of five to
20 5. In this case (Fig. ), the EKG shows
prolonged heartbeat intervals around the be-
ginming and ending of the vibration

A stimulus of 50 Hz given five s after the
termination of a 30 Hz stmulus resulted n
no CA; however. CA, from the prior 30 Hy
sumulus. continued to within two s of the
following 50 Hz vibratton. CA was seen
only after vibrations in the 201045 Hs range.

Because the CA was at roughly the same
frequency as the simulus, we assumed that
such activity was an artifact produced by the

September 1993

sensors; however, when we repeated the
same stimuli with the same bimorphs and
accelerometers using sorbathane or neo-
prene rubber rather than the living dolphin’s
skin, this ongoing activity was never found.

Since the CA was found only when we
vibrated the skin with frequencies of 20 to
45 Hz. we next reasoned that CA may have
been the result of a resonance phenomenon
in the dolphin’s clastic skin. However. since
the CA was present less than 10 percent of
the time. a purely physical phenomenon
seemed unlikely. If the CA is indeed a reso-
nance in the dolphin skin, the resonance
must be effected by internal properties of the
skin, e.g.. muscle tension or blood pressure
in dermal anterioles.

Electromyogram

In all of our experiments, we atiempted
1o insert fine wire electrodes into subcutane-
ous muscle; however, we were nol success-
ful in recording EMG signals that correlated
with the stimuli we presented or with the
dolphin’s responses (SEPs. CAs, or microvi-
brations). Thus, we were not able to prove
whether or not the musculus cutaneous s
involved 1n the tny movements that we ob-
served as microvibrauons or as CA.

Itis possible that the subcutaneous mus-
cle is responsible for some skin movement,
but that discrete areas of the muscle or bun-
dle groupings move specific areas of skin
Perhaps our clectrodes were never in the
nght place at the night nme. However, we
have never seen dolphin’s skin make the

(EEE ENGENEERING IN MEDICINE AND 810LOGY

charactensuc rupld LTOSS mosements that
can be observed from the horse's 1y
shaker

Cutaneous Ridges

All dolphins we observed had small,
regular cutancous ndges over mach of the
surface of their bodies (kg 60 These ndges
usually were taint at the surface of the skin
and could not be seen from a distance. how
ever, they were nearly always visible upon
close inspection of the skin of the hyving
anmmal. The ridges were especially casy o
observe at an appropriste oblique angle or
with & low-power magnifying lens (22,23}

Cutaneous ridges were not prominent on
the snout. melon, or lower jaw They became
prominent at the level of the blowhole und
eyes. From about the blowhole back to the
dorsal fin, their orientation was perpendicu-
lar to the long axis of the body . The ndges
ran circumferentially around the ocapial.,
cervical, and thoracic regrons, formung lines
perpendicular to the long axis of the body
and at right angles to the directnon of water-
flow past the swimming dolphin. They ran
circumferentially around the base of the dor-
sal fin, but were not prominent on the upper
part of the dorsal fin. They were not ob-
served on the flippers except near their in-
sertion to the body. On a level with or
posterior to the dorsal fin. the ndges usually
were oriented obliquely or, in some cuses,
atmost parallel to the body axis as shown in
Fig. 6a, which is a sketch of the approxaimate
arrangement observed in three dolphins

Discussion

Our studies indicate that dolphin shan s
sensitive 1o vibrations or small pressure
changes on its surface. We have shown that
the most sensitive areas are located at the
angle of gape, and around the eyes, spout.
melon, and blowhole (Fig. 2) The exact
magnitude of this sensitivity cannot be de-
termined from our data, but we find no rea-
son to disagree with Kolchin and Bel'kovich
who suggested that the most sensttive arcas
of the dolphin skin are about as sensitine as
the skin of the human hips and Hingers {14
Since the whisker pits along the dolphin’s
<nout are well innervated, we expected to
find them to be more sensitive than the sur-
rounding skin of the snout and adjacent arcas
of the head. The stimul we employed did not
produce greater responses from the area of
the snout containing the whisker pis Per-
haps the pils are sensitive o some spectal
17ed sumulus that we did not present

On a dolphin’s spindle-shaped body.
transition from laminar 1o turbulent low
might be expected 1n the arca below the
dorsal fin. Supporting evidence for this has
been obtained by L. E. McKanley who ob
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served Pacilic white-sided dolphins.
Lagenorhvachus obliqudens. swimning
through broluminescent waters at night |2]
Subsequently, he was able to draw what he
had observed (Fig. 7). We had expected that
perhaps the skin of this transition arca nught
be extrasensitive: however, our results did
not show this.

The dolphin’s nervous system detects
changes in pressure on its skin surface: how-
ever. our results only suggest that the dol-
phin’s skin may reduce drag by moving
synchronously with small vibrations im-
pinging on its surface.

QOur observations of CA and of occa-
sional amplifications of microvibrations
suggest that the dolphin skin may be able to
adjust to pressure changes by amplifying
normal microvibrations. or by producing vi-
brations with muscular contractions. Our
studies suggest a mechanism by which the
dolphin skin might move or vibrate to im-
prove hydrodynamic performance as has
been proposed {6, 7,9, 10, 26]. Dolphin skin
is probably sensitive enough to detect turbu-
lent-flow. Drag may be decreased by de-
creasing the pressure gradient in the adjacent
water layer. The skin may actively flex away
from higher pressure and toward lower pres-
sure.

We cannot assume that all changes would
be aimed at reducing drag. In some cases,
i.e.. changing directions, stopping, or when
a mother “carries” an infant on her pressure
wave. it might be advantageous for the ani-
mal to increase drag. In such cases, skin
movement might simply be reversed in
phase to achieve the desired result.

The cutaneous ridges may play an impor-
tant role in sensory function and in hydrody-
namics. When the ridges are preserved in
histological sections, their spacing appears
to be roughly the same as that of the under-
lying dermal papillae; however, union of the
cutaneous ridges with the deeper epidermal
and dermal structures needs better defini-
tion. as does their relationship to types and
patterns of nerve endings on the surface.
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